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INTRODUCTION

The most significant drawback to the design, production, and utilization of optical fibers
is the lack of long-term mechanical reliability. This is most important in uncabled configura-
tions such as in Fiber Optic Guided Vehicle (FOG-V) payout systems, where the glass core
and cladding must provide the structural, as well as the signal transmission, function of the
link component. Polymer-coated optical glass fibers subjected to static fatigue demonstrate a
deterioration in resistance with time. Plotted data of log stress versus log time to failure pro-
duce curves with slopes negative N (fatigue-resistance constant) which have valu2s of 15 to 20
for the high-stress, short-time regime and deteriorate to values of 1 to 8 in the low-stress,
long-time regime. Increasing test temperature accentuates this deterioration. This non linear
behavior makes static-fatigue lifetime predictions at very long-time, low-stress inaccurate; there-
fore, long-term performance is difficult to guarantee.

In light of these problems, industry has sought solutions to deteriorating strength through
process optimization which increases initial bulk strength through flaw suppression. Increased
strength retention through numerous coating scenarios has also been attempted. Hermetic
and passivating coatings inhibit introduction of glass surface active species such as hydroxyl
ions, which generate flaws, and slow the growth of intrinsic surface flaws. Hermetic coatings
are generally of the metallic or ceramic variety; they are typically applied by vapor deposition
prior to standard polymeric buffer coatings. Passivating coatings are specialized polymeric
materials which are usually applied instead of standard polymer buffers. Hermetic coatings
have the disadvantage of applying a residual stress at the glass cladding/hermetic coating inter-
face that may diminish the initial inert strength of the fiber. The goal of hermetic/passivating
barriers is to prevent the fatigue transition, observed N deterioration discussed above, which
can dramatically affect mechanical strength and make system performance highly speculative.

This fatigue transition has been attributed to the combination of zero-stress aging with
static fatigue. France et al.1 developed a model for this effect which assumes that for the
first half of the lifetime zero-stress aging controls strength degradation; static fatigue controls
it for the second half. Static-fatigue behavior can be characterized by the time to failure, tf,
as a function of applied stress, Sa, in the following equation: 2

tf=BSi(N- 2) /Sa N (1)

where B is a material parameter, N is the fatigue resistance constant described above, and Si
is inert strength. These factors are the same ones exploited in the power law approximation
of crack-growth-controlled dynamic fatigue: 3-5

S f(N+ I) = B(N+I) S (i(N- 2) (2)

1. Franc- " W., ct al. Strength a, d Fatigue of Multicomponent Optical Glass Fibers. Journal of Materials Science, v. 18. no. 3. 1983, p. 785-792.
2. Kalish, D., and Tariyal, B. K. Static and lDynamic Fatigue of a Pohmer-Coated Fused Silica Optical Fiber. ApHiedt Phvsics T e, vers. v. 29, I"'.

p. 518-523.
R itcr, J. F.. I..: , :aid Guillcmet. C. Sircngtri and baugue 1'araneters for Soda-lime Glass. Glass Technology, v. 26. no. o. 1985.
p. 273-278.

4. Ritter, 1. E., (ilaesenann G. S., Jakus, K., and Rampone, P. Dynamic Fatigue of Soda-Lime Glass as a Function of Temperature. Physics andChemistry of Glauses, v. 17 no. 2, 1986, p. 65-70.

5. Ritter, J. , Jakus K. and Service, T. i i. Measurement of the Fatigue Behavior of Optical Glass Fibers. Final reporl under Contract
No. DAAG29-81-1-1O00, Delivery Order 2509, Scientific Services Program, U.S. Army Materials Technology Laboratory, Watertown. MA.



where St is failure stress and S is stressing rate.

France also established an empirical relationship for zero-stress aging behavior:

S, = Sio(l+at)b (3)

where Si is inert strength at time t, Sio is inert strength at t = 0, and a and b are scaling
constants which come from linear log (1+at) versus log (Si) plotted data. Assuming that zero-
stress/static-fatigue combined behavior follows the France scenario, allowing tf to equal tf /2 in
both Equation 1 and Equation 3 and combining them gives the following modified static
fatigue equation,

t f = 2B [S io(l+at / 2 )hb(N- 2) / S a N (4)

From theory, B is a material parameter derived from the power law expression for crack veloc-
N 341ity, V = c exp (-E/RT) * (KI/K ) , or empirically V = AKIN. This power law expressionproduces the Equation 2 for dynamic fatigue behavior, where

B = 2KIc 2 / [(N-2)AY '1 (5)

and

A = c exp(-E / RT). (6)

Here, KIc is the critical stress intensity factor (approximated here as 0.79 MPa-m 1/2 for fused
silica), Y represents the crack loading and flaw geometry (approximately 1.24), 2 R the ideal
gas constant (8.314 j/mol-°K), T absolute temperature in °K, c a pre-exponential constant, and
E the empirical measurement of zero-stress activation energy.

Given data from dynamic fatigue experiments (constant strain rate to failure) on unaged
fiber at several stressing rate levels, plots of In(S) versus ln(Sf) yield the slope 1/(N+1).
Repeating experiments at a different temperature results in a second line which used in linear
regression will yield E and B':

2/ 2!
B' = 2K Ic / [(N-2)cY 1 (7)

where B' is the component of B that will appear nearly constant with temperature in regions
where N is independent of temperature (short time to failure). Components of B' are not
discussed in more detail here, as the subtleties of the various contributions are assumed to
not contribute significant variation in B between usage in the static and dynamic behaviors rep-
resented by Equation I and Equation 2. More appropriate values of KIc and Y may be
obtained from fractographic analysis of origin of failure flaws and other geometrical aspects of
the sample and test, but are not specifically required for this analysis and are beyond the
scope of this report.

2



Given data from dynamic fatigue experiments on zero-strcss aged fiber, the scaling con-
stants for Equation 3 can be estimated by achieving a "best fit" line on a ln(l+at) versus
ln(Sf) plot through guessing at values !or a. The resultant a and b values can then be used
with the other material constants determined for Equation 2 to estimate tf with Equation 3
for modified static fatigue. Data which produce lines that have zero slope or slightly positive
slopes for all values of a do not exhibit zero-stressed aging deterioration. The pure static
fatigue Equation 1 is then the appropriate estimator for t-.

Similar mechanical testing and analysis done by Ritter, et al.5 was sponsored by the U.S.
Army M"aerials Techanclogy Laboratory (MTL) in 1986 as part of an effort to promote low-cost,
high-strength optical fibers for FOG-M and similar systems. The fibers tested were in multi-
mode format as opposed to the single-mode fibers tested here, and were early 1986 "vintage"
developments. The fibers tested in this study were late 1988 "vintage" developments, and were
assumed to reflect the general quality improvements underway in the optical fiber industry during
this timeframe. Two of the contributing manufacturers were the same between these tw6 studies,
Corning and Ensign Bickford. The predicted static fatigue behaviors for these fibers were margin-
ally different between 1986 multi-mode and 1988 single-mode versions.

EXPERIMENTAL

Five optical fibers used in this study were obtained directly from manufacturers. The study
focused on single-mode, 125 micron diameter clad fiber taken from stock considered to be "resis-
tant" to fatigue for use in uncabled systems. Several of the manufacturers who provided fiber
for the studies by Ritter, et al.5 also provided fibers for the work at MTL, from more recent
developmental "generations," and in single-mode format. All manufacturers except GTE have com-
mercially available military-grade fiber on the market. One of the fibers provided was not
included in the full series as it did not comply with several of the requested specifications. Amer-
ican Telephone & Telegraph (AT&T) and Corning used "hermetic" coatings on their fibers,
Ensign Bickford used a "hard coat" polymer (then in the experimental stage), and GTE used a
developmental polymer. These coatings were to meet the challenge of preventing the static
fatigue transition which occurs in conventional polymer-coated fiber. Fiber types will be indi-
cated by number and the manufacturer will remain unspecified.

Fibers were aged in distilled water at 65°C in a regulated tank (+/- 0.5°C) for various
lengths of time. Three "stressing" conditions were tried for aging: unstressed (6 cm minimum
bend radius), bending stressed (0.31 cm radius mandrel under 100 grams to 125 grams winding
tension), and tensile stressed (430 grams tension between 2.5 cm radius shafts) which correspond
to 10 KPSI/69 MPa, 215 KPSI/1450 MPa, and 50 KPSIi340 MPa stress, respectively. These
approximated stresses are calculated knowing applied loads, bend deformations, fiber geometry,
and Young's modulus for the glass component of the optical fiber. Here, as elsewhere in the
analysis, the hermetic coatings and polymer buffers are not considered to contribute significantly
to the optical fiber's load bearing and stress/strain characteristics. This is due to either minimal
relative cross-sectional area or much lower Young's modulus than that of the glass.

Dynamic fatigue breaks, constant crosshead velocity to failure, were carried out on a uni-
versal testing machine. A gauge length of 0.1 meter was held between two 0.1 meter diame-
ter fixed wheels coated with plastic tape and gripped by 0.05 meter diameter cams, as shown

in Figure 1. This arrangement distributes the gripping force over a large length of the fiber
and greatly reduces incidence of fracture at the gripping points caused by conccntratcd sur-
face loads. The gauge length was inserted through a serum bottle stopper into a glass con-
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denser tube filled with distilled water. Water temperature was held constant (+/'- 0.5°C) with
condenser jacket waterfcd by a heater/circulator. Breaks that occurred outside this water
filled region were discarded from the data set. Three crosshead velocities (2, 0.2, and 0.02
in./min) ,vere used that correspond to stressing rates of approximately 1, 10, and 100 MPa.
All aging groups were tested at 25°C (wet), and unaged groups were also tested at 800C"
(wet) and 25°C in dry (18% to 22% relative humidity) air. The dry air environment was for
approximation of inert strength, and samples were desiccated prior to breaking.

Figure 1. Dynamic fatigue test fibers.

Test data were recorded on a strip chart directly from load cell signals. Failure stress
and stressing rate at failure were determined from the strip chart. Stressing rates wcrc ecncr-
ally linear, except upon initial loading.

Each of the fibers war. received on a spool with 1.0 to 2.2 kilometers of fiber wound
loosely on it. From each spool several hundred 1.5 meter samples were cut and randomizcd
prior to grouping for appropriate ;jging and dynamic faligue tests. The agini, and test matrix
is described in Tablc 1.

,, . . , . . , . . .4



Table 1. AGING AND TEST MATRIX

Break
Condition Aging& Media C( ondti on Fiter-, -ast-.d

#1 #2 #3 #4

Traverse Head Rate (in./min)

2. 0.2 0.02 2. 0.2 0.02 2. 0.2 0.02 2. 0.2 0.02

Air 18-22% R.H. 25 Unaged X X X X
(desiccated)

Water 80 Unaged X X X X X X X X X X X X

Water 25 Unaged X X X X X X X X X X X X

[Aged 600C
in water]

Zero-Stress
(70 MPa)

20 hours X X X X X X X X X X X X

100 hours X X X X X X X X X X X X

50o hu,,z X X X X X X X X X X X X

2450 hours X X X X X X

Bend Stress
(1450 MPa)

44 hours X X X X X X X X X X X X

212 hours X X X X X X * X X X

1052 hours X X X X X X * X X X

Tensile
Stress

(340 MPa)

24 hours X X X X X X

190 hours X X X X X X

Fiber 3 failed during extended aging.

RESULTS

The dynamic fatigue test strength data were fitted to a two parameter Weibull statistical

distribution:
5

In In [I/(I-Pr) = m In (S f/S,) (8)

where Pf is the cumulative probability of failure, m and S, are the slope and scale (intercept)
parameters, and Sf is fracture strength. So is the stress value taken at the log plot intercept
where Pf is actually 0.632, and is referred to as characteristic strength of the sample.
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Throughout the following discussion Pf will always be relative to the sample size, not to unit
volume. Tables Ala through A4a in Appendix A summarize the fatigue strength distributions
of the four unaged fibers. Tables Alb through A4b in Appendix A summarize the fatigue
strength distributions of the four fibers subsequent to aging in water for various times under
several static stressing situations.

Tables Al through A4 in Ar pendix A were very useful in establishing trends in the behav-
ior of the fibers, such as relative sensitivity to moLsture, temperature, stress rate, zero-stress
aging, and low-stress aging. These trends are summarized in Table 2.

Table 2. DYNAMIC FATIGUE TRENDS
(RESULTANT % DECREASE IN So FROM CONDITION CHANGE)

Wet Hot Stress
Fiber Break Break 100-1 MPa/s Age (aging) Pf = 1% Bimodal m avg

1 2 3-4 2-4 1-3 <2 2-25 Yes* 55(34)
23@1%Pf 2450 hr

2 13-15 8-18 15-20 9-15 <2 0-17 No 74(29)
2450 hr

3 12-14 8-22 18-27 19-26 2-10 6-19 No 46(21)
500 hr

4 9 13-18 17-23 < 1 <3 3-19 Yest 62(37)
32@1%Pf 500 hr

Values reported as +/- one standard deviation, or avg (std. dev.).

*Fiber 1 bimodal in 35% of plots.
tFiber 4 bimodal in 15% of plots.

Table 2 displays percent decrease in failure strength attributed to the introduction of an
imposed condition change. For example, decreasing the stress rate from 100 MPa/s to I
MPa/s results in an observed 2% to 4% loss in strength for Fiber 1, the range coming from
the several different aging condition sets. Similar trends can be observed for breaking in:
water as opposed to air, hot water as opposed to cool water, aged fiber as opposed to
unaged fiber, stress-aged fiber as opposed to unstressed-aged fiber, or by observing the
strength distribution at Pf = 1% as opposed to 63.2%.

An important observation is that the (dry) air break strength S. is significantly higher
than that for wet breaks except for Fiber 1. This moisture sensitivity is more typical of con-
ventional polymer-coated fibers. Fiber I does, however, exhibit a 23% difference at the
P -- 1% low-strcngri tail. This low-strength tail is the criterion by which uncabled fiber
optic systems must be designed.

Figures 2 through 5 illustrate the strength distributions of the four fibers for unaged
dynamic breaks under dry, wet, and hot and wet conditions. Figure 2 clearly illustrates the
narrow strength distributions expected of high quality fibers, but the large disparity of inert
strengths between fibers. In Figure 3 the bimodal behaviors of Fibers I and 4 are distinct,
and somewhat typical of behavior found in aged breaking strength. Figure 4 shows the only
example of distinct bimodal behavior in Fiber 2, for the I MPa/s hot broken condition.
Bimodal behavior is typified by this flattening of the lower-strength tail, indicative of more
than one strength controlling flaw population. This alternative flaw population appears to
become activated by introduction of some adverse condition like elevated temperature or

6



aging. In this lone case of Fiber 2, it may be caused by surface damage due to handling and inde-
pendent of the "controlled" test matrix parameters. Upper-strength tail flattening can, to a lesser
dcgree, inuicate bimodal behavior as well. This can be seen in Figure 5 for both Fibers 3 and 4.

LnLn(1/(1-Pf)) 
f

Fiber 1 0 C 3

0 4--,4- Fie 2.O0

-41 -

3000 4000 5000

Failure Stress (MPa-log scale)

18-22%RH.250C

Figure 2. Dry breaking strength Weibuil plots (100 MPa/s).

LnLn(1/(1-Pf)) =

2,

1 - Fiber .

V 0 Fiber 2

r Fiber 3
N ' --- . 3

O, Fiber 4 ;z. .

-1F -

- F0 - 0 ,1 "

0I 0 .,

-3

-4 "

3000 4000 5000
-5,

Failure Stress (MPa-log scale)

250C

Figure 3. Wet breaking strength Weibull plo. (100 MPa/s).
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0 632
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-_ 4 0 10 MPa/s #2

0 4000 1 Mpa/s #23000 4000______

-5 1 1
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Figure 4. Wet-Hot breaking strength Weibull plots Fibers 1 and 2.
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x 00

i100 . '/ #3;- (V

r

-, 100 MPa/s #3
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Figure 5. Wet-Hot breaking strength Weibull plots Fibers 3 and 4.



Figures Al through A16, found in Appendix A, demonstrate the strength distributions for
zero-stressed (see Figures Al to A12) and low-stressed (see Figures A13 to A16) aged fibers.
The broad and somewhat even spacing of the aging time lines across the strength axis for
Fibers 2 and 3, (see Figures A2, A3, A6, A7, A10, and All) indicate a large sensitivity to
aging, which is especially noticeable due to the consistently well-behaved and narrow strength
distributions. Fibers 1 and 4 (see Figures Al, A4, A5, A8, A9, and A12) have far less sensi-
tivity to aging, but due to some bimodal behavior, this sensitivity is observed in the low-
strength tails of Fiber 1. Comparison of plots between figures for stressing rate sensitivity
shows similar significant strength gains for Fibers 2, 3, and 4 at the higher rates. This indi-
cates sensitivity to dynamic fatigue. Low-stressed aging had little effect on dynamic fatigue
strength in comparison to zero-stressed aging in general.

The appearance of the polymer coating did not change for Fibers I and 2, but 3 and 4
both showed some yellowing, particularly Fiber 3 for longer aging times and stressed condi-
tions. It is important to point out that Fiber 3 exhibited numerous fracture failures on each
of the six aging mandrels prior to 212 hours in the 1450 MPa bending stressed state and that
the coating was extremely yellowed and somewhat opaque. The color changes are likely
related to long-range chemical changes occurring in the coating or at the glass cladding/poly-
mer coating interface or both.

DISCUSSION

The power law expression, as shown in Equation 2, can be put in natural logarithm form
to enable determination of fatigue parameters.

(N+I) In (S f) = In (S)+ln (N+I)+ (N-2)In (S )+ln (B')+[E/RT] (9)

From linear regression analysis of the dynamic fatigue data with ln; and 1/T as the independent
variables and in(So) values for ln(Sf) as the dependent variable, the fatigue parameters N, E, and
B' are determined. The "space" between the two temperature lines of each fiber represents the
temperature-sensitive component of Sf, [E/RTI/(N+I), E being the empirical activation energy.
Figures 6a through 6d, Failure Stress versus Stress Rate. present these lines used in linear regres-
sion, and Table 3, Dynamic Fatigue Parameters, summarizes the results. The 90% confidence
interval for the data points is shown in Figure 6, as well as the 90% confidence interval about
the calculated lines, using common N value (No) from hot and cold averaged independent N's
(Ni), at the endpoints. Fibers 3 and 4 have parameters very typical of conventional polymer-
coated fiber with N about 20. Fibers 1 and 2 compare more closely in E and B' parameters,
but the extremely high N value for Fiber I indicates very stable characteristic strength. low stress
rate sensitivity. It does not, however, take into account the low-strength tail bimodal behavior of
Fiber 1, which would reduce the effective N value significantly. Due to the inconsistent nature
of the bimodal behavior and the inaccuracies in a two-parameter Weibull distribution for sample
size 20 at Pr = 1%, no additional analyses for fatigue parameters were performed at low-probabil-
ity strength levels for either Fiber I or 4.
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Table 3 values for E/[N+1, indicative of temperature sensitivity, confirm the observations
of Weibull plots recorded in Table 2. Fibers 2, 3, and 4 exhibit similar sensitivity, contribut-
ing generally more than 10% strength loss from increasing test temperature from 25°C to
80'C; Fiber 1 lost less than 4% of its strength.

Table 3. DYNAMIC FATIGUE PARAMETERS

Fiber N+1 E(kJ/mole) B(MPa 2-s) E/(N+ 1) lnB 250C lnB 800C

1 131(39) 51.8 1.05 x 10-04  0.39 11.7(4.9) 8.5(5.9)

2 28.9(1.8) 53.5 4.23 x 10 04  1.79 13.8(0.9) 10.5(1.1)

3 20.7(0.8) 41.3 3.24 x 10 2  1.90 13.2(0.5) 10.7(0.7)

4 22.3(0.5) 47.9 1.42 x 10"
02 2.06 15.1(0.3) 12.1(0.4)

Standard deviations are expressed in parentheses.

Table 3 parameters are used to predict static fatigue behavior using the appropriate form of Equa-
tion 1. For pure static fatigue, solving for allowable applied stress results in the following equation:

Sa = [B' exp(E/RT) S i /If] t IN. (10)

Attempting to follow the France approximation for zero-stress aging, the strait line log-log
plot of failure stress versus zero-stressed aging time fits a simpler equation quite well.

InS f(t) = InS x - bin (t) (11)

Here, unaged strength, when t equals zero, must be approximated by the intercept value, Sx'
when t equals I second. The France empirical equation (Equation 3), generated distinctly
non linear plots for data in this study due to the ln(1+at) term. Any value of a results in
two distinct regions on the curve. One region exists where I is much greater than the prod-
uct at and dominates, and another exists where at is much greater than 1. The transition
was inconsistent with the characteristic strength of the sample data here for any reasonable
values of a and b. Extrapolated values for Pf equal 1% did seem to lend themselves to this
transition, particularly for Fibers I and 3. These values fit in a more normal France equation.

InS f(t) = InS x - bin (1 +at) (12)

Using, for convenience, averaged data from the three stressing rates at the 1% probability of
failure level, best-fit lines of the form (see Equations It and 12) were calculated. The data, cal-
culated lines, and b values are shown in Figures 7a and 7b, Aging Behavior. A commonly accept-
able value of 0.1 hrl was used for a. Fibers I and 3 have distinctive strength losses. Fibers 2
and 4 show very little change. This behavior was shown by France to be uniform for both dry
and wet broken fiber, with simply an offset in intercept Sx, for samples taken from identically
aged fiber. Calculations resulting from wet broken fiber should then be easily translated with
replacement of Sx by Si, the initial inert strength. Substitution of this representation of Si into
Equation 4 results in a modified static fatigue equation incorporating zero-stress aging effects.

Sa = [{2B' exp(E / RT){exp[InSi - bln(l+a*t f / 2)]}(N - 2) } /t fil/N (13)

12
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Figure 7a. Aging behavior Fibers 1 and 2.
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Use of initial strength, Si, values (estimated by the 1% probability of failure level for dry
dynamic fatigue breaks at 100 MPa/s), and the dynamic fatigue parameters from Table 3 in
Equations 10 and 13 produce Figure 8, Predicted Static Fatigue. It is important to note that
the fatigue parameters used in both equations were derived from wet broken data, which is a
worst-case scenario. The time-dependent behavior slopes, minus b, were derived from fiber
aged in 65°C water, also a worst-case scenario. Therefore, it is logical to assume that the
resultant predicted static fatigue behavior is for the worst case scenario, and the plots in Fig-
ure 8 can be interpreted as quite safe lower bounds for the 1% weak-strength tail of 0.1
meter samples.

5000 ..

410000
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3000STRESS
A P PLIED --- # ""- ..., "

P±=i% #2O P a) -X--- #3 -" X
2000 0 #4 e2

---- #2rood X-#3mod ! #3 -.
40 - #4mocr 10 l0 1O0000

400 1 f I
(2OO T 10)TIME to FAILURE (hours - log scale) lOyr

Figure 8. Predicted static fatigue.

It is quickly observed that although Fiber 1 has the lowest inert strength in this group, it
quickly becomes dominant through strength retention and pure static fatigue resistance after
one year. For modified static fatigue behavior Fiber I remains in the pack due to its strong
zero-stress aging susceptibility. The right-hand calculated points for each line correspond to
10 years, a suggested shelf life for payout fiber applications. The 200 KPSI or 1380 MPa
stress level commonly used in payout system design coincides with the abscissa axis to shov
the boundary of probable acceptance. Fiber 3 appears to be the only fiber unlikely to be
unacceptable, but under pure static fatigue considerations is only marginal. This is consistent
with the failure during aging of Fiber 3 under 1450 MPa bending stress at less than 212
hours, or approximately 0.025 year. This would seem to coincide reasonably well with the
modified 4 line of Figure 8, supporting the accuracy of the model developed by France and
modified analysis used here.
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The amorphous c~irbon coating of Fiber I appears to succeed in desensitizing the fiber to
static fatigue, but not zero-stress aging. Bimodal behavior evades this analysis somewhat, and
the exceptional predicted static fatigue behavior of Fiber I is, therefore, relatively more gener-
ous than predicted behavior for Fibers 2 and 3. The bimodal behavior is probably the result
of some processing impurity or other sporadic surface defect at the glass cladding/carbon inter-
face, or quite possible, a thinning of the coating. Typical hermetic coatings are very thin, 50
to 500 angstroms, and more difficult to monitor and control than glass fiber and polymer
buffer thicknesses ,-ne thousand times greater. Uniformity has improved dramatically since suc-
cessful demonstration of fiber optics in the 1970s, and application of vapor deposition coating
techniques to fiber optics in the 1980s.

Hermetically coated Fiber 2 fares slightly better than Fibers 3 and 4 in pure static fatigue
prediction, but suffers significantly from zero-stress aging, unlike Fiber 4.

SUMMARY

Overall, the four optizal fibers tested have tightly grouped Weibull distributions with mod-
uli in excess of 40, and fatigue parameters N greater than 20, or above average. Fiber I has
high dynamic fatigue resistance and high aging resistance at characteristic strength levels. The
slightly low initial inert strength and inconsistent bimodal behavior are the only drawbacks to
this fiber. Fiber 2 has balanced properties of good initial strength, fatigue resistance, and
aging resistance. Fiber 4 has high initial strength and high aging resistance but fair fatigue
resistance. Fibers 1, 2, and 4 appear completely reliable for design strength in excess of 10
years. Fiber 3 is marginally acceptable, dependent upon the accuracy of the modified static
fatigue analysis used here. Hermetic-coated fiber does demonstrate a marginal advantage over
simple high strength or passivating polymer-coated fiber.
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APPENDIX A

Table Ala. DYNAMIC FATIGUE RESULTS FOR FIBER 1

Test Cnitions Weibull Parameters Average Strength (MPa)

Temp (T S Rate Sample Slope s
(-C) (MPa/s) Size m (MPa) In(So) St Avg Std Dev

25-d 93.7 20 66 3460 8.149 3432 62

80 97.6 18 47 3267 8.092 3229 77

80 9.6 20 57 3249 8.086 3217 66

80 1.35 20 35 3175 8.063 3126 105

25 99 20 15 3394 8.130 3275 212

25 14 20 64 3340 8.114 3312 61

25 1.42 20 41 3269 8.092 3226 86
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Table Al b. DYNAMIC FATIGUE RESULTS FOR AGED FIBER 1

Aging Conditions Test Conditions Weibull Parameters Average Strength (MPa)

Time (t) Stress S Rate Sample Slope So
(Hr) (MPa) (MPa/s) Size m (MPa) In(So) Sf Avg Std Dev

20.16 70-b 114.3 20 27 3373 8.124 3306 132

20.16 70-b 13.7 20 21 3362 8.120 3275 146

20.16 70-b 1.53 20 60 3255 8.088 3225 64

100 70-b 102.7 20 105 3358 8.119 3340 37

100 70-b 13.8 20 81 3303 8.103 3280 47

100 70-b 1.5 20 55 3294 8.100 3261 69

572 70-b 105.9 20 59 3328 8.110 3297 64

572 70-b 10.7 20 32 3303 8.103 3248 109

572 70-b 1.42 20 37 3231 8.081 3183 94

2450 70-b 124.4 20 7 3345 8.115 3130 426

2450 70-b 10.5 20 10 3309 8.105 3150 291

2450 70-b 0.78 7 9 3163 8.059 2994 360

44 1450-b 109.5 21 41 3395 8.130 3350 84

44 1450-b 12.06 20 92 3354 8.118 3333 43

44 1450-b 1.5 6 11 3265 8.091 3120 268

212 1450-b 107.9 20 52 3388 8.128 3352 68

212 1450-b 10.27 20 10 3412 8.135 3245 262

212 1450-b 1.48 18 81 3312 8.105 3289 48

1052 1450-b 112.6 20 56 3447 8.145 3413 69

1052 1450-b 11.02 20 94 3388 8.128 3368 42

1052 1450-b 1.34 20 94 3306 8.104 3287 41

24 340-t 98 5 94 3374 8.124 3355 35

24 340-t 73.7 7 105 3372 8.123 3355 33

190 340-t 9.83 10 150 3356 8.119 3344 25

190 340-t 8,98 10 76 3379 8.125 3355 47
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Table A2a. DYNAMIC FATIGUE RESULTS FOR FIBER 2

Test Conditions Wetull aramet Average Strength (MPa

Temp (T) S Rate Sample Slope so
CC) (MPa/s) Size m (MPa In(So) Sf Avg Std Dev

25-d 93.6 20 61 4989 8.515 4943 93

80 103.4 17 120 3861 8.259 3843 38

80 9.86 20 116 3474 8.153 3457 35

80 1.0 20 17 3362 8.120 3259 200

25 89.9 14 45 4347 8.377 4295 108

25 9.2 20 9 4310 8.368 4053 415

25 1.06 3 79 3635 8.198 3613 39
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Table A2b. DYNAMIC FATIGUE RESULTS FOR AGED FIBER 2

Aging Conditions Test Conditions Webull ParametersAverae enh

Time (t) Stress S Rate Sample Slope so
(Hr) (MPa) (MPa/s) Size m (MPa) In(So) Sf Avg Std Dev

20.16 70-b 100.6 20 71 4205 8.344 4173 60

20.16 70-b 10.5 20 82 3783 8.238 3757 53

20.16 70-b 0.85 9 40 3434 8.142 3388 91

100 70-b 96.5 5 101 4133 8.327 4111 42

100 70-b 11.2 20 72 3770 8.235 3741 59

100 70-b 0.91 17 81 3475 8.153 3451 50

572 70-b 85.4 20 68 3929 8.301 3897 65

572 70-b 10.8 19 82 3607 8.191 3583 50

572 70-b 1.0 14 82 3298 8.101 3276 47

2450 70-b 102.9 20 47 3870 8.261 3825 95

2450 70-b 10.2 21 107 3517 8.165 3498 37

2450 70-b 1.01 19 96 3175 8.063 3156 38

44 1450-b 134.9 16 64 4277 8.361 4240 78

44 1450-b 11.19 15 68 3791 8.241 3761 62

44 1450-b 1.19 8 89 3483 8.156 3461 36

212 1450-b 116.1 17 83 4131 8.326 4104 57

212 1450-b 12.12 18 63 3784 8.239 3751 68

212 1450-b 1.24 10 99 3509 8.163 3490 40

1052 1450-b 119.5 11 52 4444 8.399 4398 95

1052 1450-b "12.89 11 69 3843 8.254 3813 62

1052 1450-b 1.54 11 98 3424 8.139 3405 34

24 22 108.2 10 139 4270 8.359 4253 34

24 202 10.9 10 82 3781 8.238 3756 51

24 2002 1.25 7 89 3402 8.132 3381 40

190 302 8.89 9 11 3665 8:207 3500 265
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Table A3a. DYNAMIC FATIGUE RESULTS FOR FIBER 3

Test Conditions Weibul Parameters Average Strength (MPa)

Temp T) S Rate Sample Slope so
CC) (MPa/s) Size m (MPa) In(So) Sf Avg Std Dev

25-d 79.2 20 59 5068 8.531 5021 101

80 100.5 19 81 3370 8.123 3347 49

80 9.17 20 92 3047 8.022 3029 39

80 0.88 19 18 2857 7.958 2770 145

25 108.3 20 46 4440 8.398 4388 112

25 4.73 19 59 3548 8.171 3515 69

25 0.42 12 48 3071 8.030 3036 71

Table A3b. DYNAMIC FATIGUE RESULTS FOR AGED FIBER 3

Ang Condto Test Conditions Webull Parameters Avera en

Time (t) Stress S Rate Sample Slope so
(Hr) (MPa) (MPa/s) Size m (MPa) In(So) Sf Avg Std Dev

20 70-b 92.9 20 57 3755 8.231 3720 77

20 70-b 9.06 20 82 3229 8080 3207 45

20 70-b 0.65 19 52 2823 7.945 2793 62

100 70-b 87.0 20 39 3345 8.115 3298 98

100 70-b 8.79 20 67 2981 8.000 2957 50

100 70-b 0.83 19 36 2607 7.866 2569 82

500 70-b 79.0 20 36 3196 8.070 3149 100

500 70-b 9.64 20 55 2836 7.950 2808 58

500 70-b 0.79 18 38 2478 7.815 2443 75

44 1450-b 123.9 20 33 3388 8.128 3332 120

44 1450-b 9.72 20 27 3023 8.014 2964 127

44 1450-b 1.0 21 35 2679 7.893 2638 88

24 340-t 87.5 12 17 3364 8.121 3265 212

24 340-t 9.36 10 18 2896 7.971 2815 169

190 340-t 10.69 12 13 3033 8.017 2912 242
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Table A4a. DYNAMIC FATIGUE RESULTS FOR FIBER 4

Test ond Weibull Parametei Average Strenath (MPa)

Temp (T) S Rate Sample Slope So

CC) (MPa/s) Size m (MPa) In(So) Sf Ave Std Dev

25-d 109.9 20 121 5869 8.678 5842 54

80 103.8 20 44 4380 8.385 4326 97

80 10.47 20 52 3831 8.251 3790 81

80 1.05 22 31 3666 8.207 3602 115

25 121.5 20 14 5347 8.584 5145 305

25 11.7 20 84 4601 8.444 4570 63

25 1.03 19 157 4171 8.336 4156 31
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Table A4b. DYNAMIC FATIGUE RESULTS FOR AGED FIBER 4

Angin ConditioLLs Test Conditions Weibull Parameters Average StrenahLME

Time (t) Stress S Rate Sample Slcpe So
(Hr) (MPa) (MPajs) Size m (MPa) In(So) Sf Avg Std Dev

23.16 70-b 10,.. , J 80 5327 8.581 5290 78

23.16 70-b 10.8 20 111 4611 8.436 4588 47

23.16 70-b 0.99 20 105 4199 8.343 4176 45

100 70-b 99.6 19 64 5354 8.586 5308 94

100 70-b 11.6 20 69 4788 8.474 4750 74

100 70-b 0.99 20 43 4171 8,336 4119 106

503.16 70-b 98.8 20 113 5312 8.578 5286 55

503.16 70-b 10.7 20 15 4698 8.455 4536 278

503.16 70-b 1.01 20 93 4182 8.339 4157 53

44 1450-b 125.2 20 72 5144 8.546 5105 81

44 1450-b 11.27 19 82 4499 8.412 4468 63

44 1450-b 1.11 11 87 4065 8.310 4040 51

212 1450-b 116.3 16 47 5404 8,595 5342 126

212 1450-b 11.79 16 24 4965 8.510 4853 211

212 1450-b 1.1 20 36 4286 8.363 4221 122

1052 1450-b 119.5 20 36 5079 8.533 5003 164

1052 1450-b 12 22 29 4698 8.455 4611 188

1052 1450-b 1.34 9 30 4322 8.371 4245 162

190 340-t 99.4 20 11 5910 8.684 5634 435

190 340-t 9.96 20 25 5227 8.562 5116 195

190 340-t 0.95 10 54 4433 8.397 389 92
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Figure A3. Aged breaking strength Weibull plots Fiber 3 (100 MPa/s).
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Figure A4. Aged breaking strength Weibull plots Fiber 4 (100 MPa/s).
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Figure A5. Aged breaking strength Weibull plots Fiber 1 (10 MPa/s).
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Figure A6. Aged breaking strength Weibull plots Fiber 2 (10 MPa/s).
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Figure A9. Aged breaking strength Weibull plots Fiber 1 (1 MPa/s).
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Figure All1. Aged breaking strength Weibull plots Fiber 3 (1 MPa/s).
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Figure A12. Aged breaking strength Weibull plots Fiber 4 (1 MPa/s).
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Figure A13. Stress aged strength Weibull plots Fiber 1 (10 MPa/s).
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Figure A15. Stress aged strength Weibull plots Fiber 3 (10 MPa/s).
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